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DAMPING EFFECTS IN BOUNDARY LAYERS FOR ROTATING FLUIDS WITH
SMALL VISCOSITY

VAN-SANG NGO

ABSTRACT. The goal of this paper is to study the system of rotating fluids between two infinite parallel
plates with Dirichlet boundary conditions and with small viscosity which vanishes when the Rossby
number goes to zero. We want to improve the convergence result of [16] and show the global in
time convergence of the weak solution of the system of rotating fluids towards the solution of a two-
dimensional damped Euler system with three components, using the decay in time of the H®-norm
(s > 2) of the limiting solution.

1. INTRODUCTION

In this paper, we consider the system of fast rotating incompressible fluids

€ € 2, € € € ez AN uf e __
Owu® — vp(e)Apu® — Bedsu® + uf - Vu +T+Vp =0

(1.1) divu® =0
u’ l[t=0 — u(g)v
for t > 0 and for x € Q = R%x]0, 1], coupled with the Dirichlet boundary conditions
u®(t, x1,22,0) = u®(t,x1,22,1) = 0.

Here, the fluid rotates around es-axis and € > 0 stands for the Rossby number, which will be small and
goes to zero. In this system, the vertical viscosity is v, = e, with § > 0 and the horizontal viscosity
v, = vp(e) > 0 depends on e and goes to zero as € goes to zero. The classical isotropic diffusion —vA is
replaced by an anisotropic diffusion of the form

7VhAh — Vva§ = 7l/h(€) (8% + 65) - 568%,

where 0; is the partial derivative with respect to the variable x;. This anisotropy is often considered
in meteorology and oceanography, where vertical viscosity v, is taken to be much smaller than the
horizontal viscosity vj,. We refer to Pedlosky [25] and Greenspan [15] for more details about physical
considerations.

It is clear that the Coriolis force term has no contribution in the energy estimates for the system (1.1).
In the case where v, > 0 and v, > 0, independent of ¢, the global existence of weak solutions of (1.1)
in the sense of Leray can be proved by the same method as in the case of the Navier-Stokes equations
(see J. Leray, [19]). By using the same arguments as in H. Fujika and T. Kato [12] for the Navier-Stokes
equations, one can show local existence and uniqueness of a strong solution of (1.1), the lifespan of which
is bounded from below, uniformly with respect to e. We also want to refer to [6], [7], [17], [23], [24],
..., and the references therein for the anisotropic cases where the vertical viscosity is zero. In the case
where v}, and v, vanish or depend on ¢, using the same method as for the Euler system, we can prove
that the system (1.1) is locally well-posed when the initial data u§ belong to a smooth enough Sobolev
space, independent of v, and v,,.

We have not mentioned the role of the Coriolis force yet. Actually in fast rotating systems with small
Rossby number, the Coriolis force plays an important role. In the experiment of G.I. Taylor (see [11]),
drops of dye injected into a rapidly rotating, homogeneous fluid, within a few rotations, formed perfectly
vertical sheets of dyed fluid, known as Taylor curtains. In large-scale atmospheric and oceanic flows, the
fluid motions also have a tendency towards columnar behaviors ( Taylor columns). For example, currents
in the western North Atlantic have been observed to extend vertically over several thousands meters
without significant change in amplitude and direction ([26]).
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Fast rotating flows have first been considered in periodic domains. In the work of Babin, Mahalov and
Nicolaenko [1], [2], the authors studied the isotropic case, where the diffusion term is —vA, with v > 0
independent of €. For any initial data in appropriate Sobolev spaces, they proved the global existence and
uniqueness of a smooth solution when the rotation is fast enough (that is, the Rossby number ¢ is small
enough). The same result was proven by Gallagher in [13], using the method of Schochet [27], for fast
rotating fluid systems and also for more general parabolic systems. It was also shown in [1], [2] and [13]
that, when € goes to zero, the fast rotating system converges to a two-dimensional Navier-Stokes system
with three components, if v, > 0 is fixed, or to a two-dimensional Euler system with three components,
if vy, is zero or goes to zero as € goes to zero. The convergence in the more general case, where the
rotation axis is fixed but not the amplitude, was proven in [14] by Gallagher and Saint-Raymond. The
anisotropic case, with zero vertical viscosity (v, = 0), in periodic domains, that is the system (1.1), with
v, > 0 independent of ¢, in the torus T?, was studied later by Paicu in [23].

In the case of rotating fluids in the whole space R, it was proved in [6], [7] and [14] that, if the
initial data are divergence-free vector fields belonging to H%*(R?) then, when € goes to zero, the limiting
system corresponding to (1.1) is zero. We remark that in this paper, in order to simplify the notations,
we use the bold character X to indicate the space of vector fields, each component of which belongs to
the space X. The main idea consists in proving and using Strichartz estimates for the associated linear
system, which shows that, in the case of R?, the free oscillation waves of the fluid propagate to infinity
and the energy of the fluid decreases. Using this property, it was also proved in [7] that the system (1.1),
with v, > 0 fixed, has a unique, global solution when the rotation is fast enough. The same result in
the case where v, slowly goes to zero as € — 0, say v, = €%, with « €]0, ag], for a certain g > 0, was
proved in [22]. If the initial data is not in H%*(R3) but is the sum of a 2D part in L2(R?)? and a 3D
part in H®*(R?), s > 1, then the limit system is not zero but a 2D Navier-Stokes system (v, > 0 fixe)
or a 2D Euler system (v}, — 0) with three components, as £ goes to zero. Using the global wellposedness
of the limit system, the global existence of a strong solution when ¢ is small enough can be proved in
the case of fixed v;, > 0 (see [7]).

The case of a domain between two parallel plates (with Dirichlet boundary conditions) is very different
from the case of a domain without boundary (R3 or T?) mentioned above. Indeed, when the rotation
goes to infinity (¢ — 0), the fluid has the tendency to have a columnar behavior (the Taylor-Proudman
theorem). However, the Taylor columns are only formed in the interior of the domain. Near the boundary,
the Taylor columns are destroyed and very thin boundary layers are formed (Ekman boundary layers).
Inside the boundary layers, the behavior of the fluid becomes very complex and the friction slows the
fluid down in a way that the velocity is zero on the boundary. As a consequence, in the limiting system,
an additional damping term of the form ~u, v > 0, appears. The coefficient v was proved to be /23 in
[16] (we will explain the calculation of this coeflicient in the appendix). This phenomenon is well known
in fluid mechanics as the Ekman pumping.

For any € > 0, and for any u§ € L2(£2), the system (1.1) possesses a weak Leray solution
o € LR, T2(9)) N L3R, H(2).

If v, > 0 is fixed, then taking into account the Ekman pumping, the limiting system is the following 2D
damped Navier-Stokes sytem

o u — v AT + TV + /280" = -V P
(1.2) 95t =0, div,a* =0, 72 =0
u),_, = U = (g, U, 0).
When £ — 0, u® was proved to converge to the solution of the limiting system in L>(R,,L?(f2)), for

Q =T? x [0,1], by Grenier and Masmoudi [16] and by Masmoudi [20] in the case where the initial data
are well prepared (i.e. lir% u§ = 1o = (Uy(w1,72),Ug (w1, 72),0) in L2(T? x [0,1]) and by Masmoudi [21]
E—

in the case of general initial data. The same result for @ = R? x [0, 1] was prove by Chemin et al. in [8],
using Strichartz estimates.

If v, = vp(e) — 0 when & — 0, the limiting system is now the following 2D damped Euler system
ou +u v, 4+ /280" = -V, p
(1.3) 95t =0, divp,@" =0, @ =0

u|,_, = Uy = (g, ug, 0).



DAMPING EFFECTS IN BOUNDARY LAYERS FOR ROTATING FLUIDS WITH SMALL VISCOSITY 3

In [16], [20], [21] (for @ = T?% x [0,1]) and in [8] (for @ = R? x [0, 1]), the solution u® can still be proved
to converge to the solution of (1.3) in L (R4, L?()). The local convergence with respect to the time
variable is due to the local in time boundedness of the H? (R?)-norm (¢ > 2) of the solution of (1.3)

used in the previous results.

The goal of this paper is to improve the above results and to prove that, in the case where vy, = v ()
goes to zero as € goes to zero, the convergence of u® towards w is global in time. We consider the system
(1.1) in the domain Q = R? x [0, 1] (the same result can be proved for the domain Q = T% x [0,1] with
minor changes) with Dirichlet boundary conditions and with the well-prepared data as in [16] or [20].
The main result of the paper is the following theorem.

Theorem 1.1. We suppose that vy, (e) — 0 as € — 0. Let u§ € L%(R? x [0,1]) be a family of initial data
such that

tim v = T = (w(w1,w2), W1, 22),0) i LA(RE x [0,1]),
where Uy is a divergence-free two-dimensional vector field in H"(Ri), o > 2. Letw be the solution of
the limiting system (1.3) with initial data Uy and, for each € > 0, let u® be a weak solution of (1.1) with
initial data uf. There exists a positive constant C' = C(ug) > 0 such that, if vy(e) > C(up) €, then

. e — _
Eh_r}r}) [[u — u||L°C(R+,L2(R$L><[O,1})) =0.

The key of the proof of Theorem 1.1 consists in the careful study of the limiting system (1.3). We prove
that the damping term /23 @ in the system (1.3) plays a very important role which allow us to prove
the exponential decay in time of the H? (R?)-norm, o > 2, of the solution. More precisely, in Section 3,
we prove the following theorem.

Theorem 1.2. Let Ty = (U} (w1, 72),ua(x1,72),0) € L2(R2) be a divergence-free vector field, the hori-
zontal vorticity of which Wy = Oug — O2uy € L*(RZ)NL>®(R3). Then, the system (1.3), with initial data
Ug, has a unique, global solution

7 € O(Ry, L3(R})) N L™ (R, LX(E})).
Moreover, if uy belongs to H"(Ri), o > 2, then there exists a positive constant C' depending on S and
HEOHHu(Ri) such that, for anyt >0,

() g3 gy < Ce™V?P.

We note that a unique global solution of (1.3) exists thanks to the Yudovitch theorem [28] and the
exponential decay is not true in the case of the two-dimensional non-damped Euler system, where the
L°°-norm of the gradient of the vorticity may have a double exponential growth in time (see Bahouri
& Chemin [3], Kiselev & Sverdk [18] and the references therein). The goal of Section 3 is to prove the
exponential decay properties of this solution in the case of damped Euler system.

The paper is organized as follows. In the next section, we briefly recall the dyadic decompositions and
the Littlewood-Paley theory which will be used in Section 3 to prove Theorem 1.2. In the last section, we
prove the main theorem (Theorem 1.1) on the convergence of weak solutions of the system (1.1) towards
the solution of the system (1.3). Finally, for the convenience of the reader, we will very briefly recall the
construction of Ekman boundary layers and the formation of the limiting system in the appendix. We
will also explain why the damping term appears in the limiting system (the Ekman pumping).

2. BRIEF RECALL OF DYADIC DECOMPOSITIONS

In this section, we briefly recall the properties of dyadic decompositions in the Fourier space and give
some elements of the Littlewood-Paley theory. The complete details can be found in [4], [5] and [10].
Let F and F~! be the Fourier transform and its inverse, and that we also write 2 = Fu. For any d € N*
and 0 < r < R, we denote

By(0,R)={¢eR*| [ <R} and Cy(r,R)={¢eR?|r<|¢{|<R}.

The following Bernstein lemma gives important properties of a distribution u when its Fourier transform
is well localized. We refer the reader to [5] for the proof of this lemma.
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Lemma 2.1. Let k € N, d € N* and r1,r2 € R satisfy 0 < r1 < ry. There exists a constant C' > 0 such
that, for any a,b € R, 1 < a < b < +oo, for any A > 0 and for any u € L*(R?), we have

2.1) supp (3) € Ba0.n3) = sup 9%l < N .
and
(2.2) supp (@) C Cq(riA,r2A) = C—F\k lull ;o < Sl\l—pk [10%u|l ;o < Ok \k ull fa -

Let 1 be an even smooth function in C§°(R), whose support is contained in the ball Bj(0, 3) such
that 1 is equal to 1 on a neighborhood of the ball By (0, 3). Let

z

o(z) = (5) — v(2).

Then, the support of ¢ is contained in the ring C;(2, 3) and ¢ is identically equal to 1 on the ring

01(3, 2) The functions ¢ and ¢ allow us to define a dyadic partition of R?, d € N*, as follows

VzeR, oY(z +Z<p23 )=1.
JEN

Moreover, this decomposition is almost orthogonal, in the sense that, if |j — j'| > 2, then
supp (277 (-)) Nsupp (277 (-)) = 0.
We introduce the following dyadic frequency cut-off operators. We refer to [4] and [5] for more details.

Definition 2.2. For any d € N* and for any tempered distribution u € S'(R?), we set

Agu=F " (p2791¢)u(e)), Vg €N,

A_qu=FH(p(lE)uc)),

Aqu =0, Vg < —2,

Squ = Z Aq’ua Vq Z 1.
q'<q—1

Using the properties of 1 and ¢, one can prove that for any tempered distribution u € S’(R%), we have
u= Y Au in  S(RY,
g>—1
and the (isotropic) nonhomogeneous Sobolev spaces H*(R%), with s € R, can be characterized as follows

Proposition 2.3. Let d € N*, s € R and u € H*(R?). Then,

2

fullge = ([ @+l @©Fde) ~ | X 2 ol

g=>—1

Moreover, there exists a square-summable sequence of positive numbers {cq(u)} with cq(u)? =1, such
that

[Aqgull 2 < eq(w)27% [lul| 4. -

In what follows, we also use separate dyadic decompositions in the horizontal and vertical directions.

Definition 2.4. For any tempered distribution u € S'(R?), we set

Aqu=F~1 (9277 |&])u(e)) , Aju=F"" ( (27 [&sha(e) , Vg €N,
A yu = FH ((I€n])a(e)) A yu=F (e(l&])a)

Agu =0, Aju =0, Vg < -2,
Shu= Y Abu, Sou= > Abu, Vg > 1.

q’'<q—1 q'<q—1
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3. EXPONENTIAL DECAY FOR THE 2D LIMITING SYSTEM

In this section, we prove the exponential decay in time of the solution of the 2D limiting system (1.3).

We recall that throughout this paper, for any vector field @ = (u',u?,u>) independent of the vertical

variable x3, we denote by W the associated horizontal vorticity, W = 0,u% — dau'. We also set v = /28
to simplify the notation.

Lemma 3.1. Let Uy = (uy(w1, x2),u3(x1, x2), Up(21,22)) € L*(R?) be a divergence-free vector field, the
horizontal vorticity of which

Wo = O11s — Oty € L*(R3) N L (R3).
Then, the system (1.3), with initial data g, has a unique, global solution
7€ O(Ry, LA(R})) N L= (R, L3(R})).
Moreover,
(i) There exists a constant C > 0 such that, for any p > 2 and for any t > 0, we have
(3.1) V" (t) < CMpet,
(3.2)

||LP(R}2L)

||ﬂh(t)HLp(Ri) < CMe ™,

where

M= maX{HﬂgHLz(Ri) ’ HEOHLQ(R;%) ’ ”wOHLw(Ri)} '

(ii) For any p > 2, if uy € LP(R?), then,
(3.3)

1@ Ol o ez < 10l o gz) e

Proof

In (1.3), the first two components of @ satisfy a two-dimensional damped Euler system. Then, thanks
to the Yudovitch theorem [28] (see also [5]), this system has a unique solution

" € C (R4, L2(R})) NL™ (Ry,L*(R}))

such that the horizontal vorticity w € L> (R, L?(R?)) N L (R, L>(R?)). Since the third component
7> satisfies a linear transport-type equation, we can deduce the existence and uniqueness of the solution
7 of the limiting system (1.3).

By definition, the horizontal vorticity w satisfies the following equation
(3.4) 00+~ + " -V =0
Taking the L2 scalar product of (3.4) with |w|’~*w, we get

1 d
||w||Lp R2) +7 Hw”LP(R2) =0.

By using an interpolation between LQ(R%) and L>(R?), we deduce from the above equation that
_ _ _ _ 2 _ -2 _ _
65 IOy < Tolloagy e S C ol g [Tl gy 77 < CM

We recall that V7" = Rw where R is an homogeneous Caldéron-Zygmund operator of order 0. Ac-
cording to [[5], Theorem 3.1.1], for any p > 1 and for any t > 0,

P
thu HL,, R?) < C Hw( )HLP(]R,%) )

which implies (3.1), for any p > 2. In particular, we have
(3.6) 17" Ol g2y = (Va7 Ol aez) = POl L2gg) < CM e

We remark that Inequality (3.2), in the case where p = 2, directly comes from the energy estimate
for the damped Euler systems. So, using the Sobolev embedding H'7 (RQ) < LP(R?) and the fact that
H (R%) is an interpolated space between L?(R?) and H'(R?), we deduce (3.2) from Estimate (3.6),

when p > 2. Since the vertical component %> satisfies the same linear transport equation as w, Inequality
(3.3) can be proved in the same way as (3.5). O
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Lemma 3.2. Let r > 1. There is a constant C' > 0 such that, for any divergence-free vector fields w in
L%(R2), the horizontal gradient Vyu" € L>°(R?) and the vorticity W = 0yu> — doui' € H"(R2), we have

(3.7) (Al@" - vyw) | Alw)| < Cd272 (| Vit || e + 10| o) @)% -

where (dy)g>—1 is a summable sequence of positive numbers, the (*-norm of which is independent of 1.

In order to prove Lemma 3.2, we need the following estimate (the proof of which can be found in [24]).
Let [.,.] denote the usual commutator.

Lemma 3.3. Let d € N*. There exists a constant C > 0 such that, for any tempered distributions u, v
in S'(R?), we have

IAg, ulvll 2 = [Ag(uv) = ulgull . < C27[[Vul| oo [|0]| 2 -

Proof of Lemma 3.2

First of all, using the anisotropic Bony decomposition into paraproducts and remainders as in Defini-
tion 2.4, we can write

(3.8) (Ar@" - vyw) | Alw)| < I (w) + 12 (W),
where

1) (w) = <AZ( > SQ,H(V;@)AZ,E’I) ‘Af;w> ,

q'—q=N
and
I}(w) = <A’;( oSyt Af}(vhm)) ’ Af;w> ,
lg'—ql<N
and where N > 0 is a fixed large enough integer.

Using Cauchy-Schwarz and Holder inequalities, we get
39 RS Y 5Tl 857 s A5
q'—q>N
The Bernstein lemma 2.1 implies that
80Pl < €20 885 < C2 .
and
1aga" L. < €27 [[AGVAT" L.

Taking into account the fact that @ = 0,2 — 9w and div,@" = 0, using an integration by parts, we
easily obtain

A, =

= |abaw?||?, + || Aboyat |}, - 2(Aboa® | Aoyt

= |ak o, + AL, + [|akoya |}, + ||Al o[,
= |85 VAt .

Therefore, using Proposition 2.3, we deduce from (3.9) that

L@ <C Y @, |Akw],,||akw],,

s Iz

q¢—q=N
< O(eal®) 30 e @2 )220 e
¢'—q2N
where (¢q(W)),>_, is a square-summable sequence of positive numbers such that >° cq(@ )2 =1. We

remark that (2797) o >—N isa summable sequence. So, as a convolution product of a 62 sequence and a
0'-sequence,

> eyl

'—q>N
9 —q9Z q

dg = cq(@) Y ey (@2 170",

q'—q>N

is square-summable. Let
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It is clear that (dg)>—1 is a summable sequence of positive numbers. Thus, we have
(3.10) 1;(@) < €27 [l [

In order to estimate I7(w), we write
(3.11) I;(w) < 4 w) + 127 (W) + 13¢ (w),

where
124 w) = [(Sha" - v,Alw | Alw)l

125 (w) = < > (SZ—Sg,l)uh-VhAg,w‘Agw>,
la’—ql<N
and

C/— _ _ _

126 () = < ST (Al sk thg,w’Agw> .
l¢’—q|<N

Using integrations by parts, we get

(3.12) 124 (w) = % |(Sk(divya")Alw | Alw)| = 0.

We remark that when ¢, ¢’ > 1, Sg — 55,71 does not contain the low Fourier frequencies. So, I, 33 (w) can
be bounded in the same way as I (w), and we have

(3.13) 132 (W) < Cdg2™> |[w] o [0,
Finally, using Lemma 3.3 and the same calculations as for I} (w) (since r > 1), we obtain
2C (7 - h —h o ho—
(3.14) 2wy <c2 N ||Sho V|| . ([VeALw]| L, | AL,
lg’—q|<N

§C2—2quvhﬂhHLw ”Eniﬁ Cq(@) Z Cq,(@)Q—(q’_q)(r—l)
l¢’—q|<N

< 0d27" || V3" || o 0117
From (3.10)-(3.14), we easily deduce (3.7) and Lemma 3.2 is proved. O

Lemma 3.4. Let r > 1. There exists a constant C, > 0 such that, for any divergence-free vector fields
w in L%(R2), the horizontal gradient V" € L= (R?) and the vorticity W = 010 — Oxu* € H"(R2), we
have

”wHHT(]RZ)
(3.15) V||, < Co ||| poo(pzyIn [ € + 7——2= | .
H HL (Ri) L (R%) Hw”Loo(R?L)

The lemma 3.4 is only a special case of [[5], Theorem 3.3.2]. We refer to [5] for a proof of this lemma.

Lemma 3.5. Let r > 1. Under the hypotheses of Lemma 3.1 and the additional hypothesis that wq
belongs to H"(R2), there exist positive constants Cy and Co depending on v and [@oll g7 g2y such that

(3.16) [Tl g < Cre™,
and

—h _
(3.17) V" ()] o (g2 ) < Cae™ ™"
Proof

In what follows, we use C' to refer to a generic positive constant that may change from line to line.
For any r > 1, using Lemma 3.2, we get the following energy estimate in the Sobolev H"-norm:

1d, _ _ _ _
(318) SO + 1@ e < O () + [V O ) Iy
Taking into account Estimate (3.15), we rewrite (3.18) as follows
d - - @l g\ s
319) GO+ WOl < Ol (14 (4 {2 ) o),
LOO
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From (3.5), we have |[w(t)||;, < CMe™ 7", where

M = max { [l gz > 1ol 2qaz ) 1ol e g }
Since C' and M do not depend on p, we have
()] e < CMe.
We remark that zln (e + 2), a > 0, is an increasing function. We deduce from (3.19) that

320) Dol Ol < oe (1 (o Y g,
' t 1 = CM He
Therefore, considering y(t) = (CM)~! |w(t)| ;. €7*, we get from (3.20) that

y'(t) < CMe™"y(t) (1 +1In (e +y(1))),

which implies

y(1)
(8.21) ETOEICET0)

Integrating (3.21) with respect to ¢, we obtain

I (14 n (e + 5(£)) < In (1 +In (e + 5(0))) + CTM

Choosing

cM

C1 = OM (e + |[wo| ) ",
we get
@ (@)l < Cre™™".
Combining the above estimate with (3.15) and using again the fact that z1n (e + %) is an increasing
function, we obtain the existence of a positive constant Cs, depending on v and |[@y|| -, such that

[V (t)|| o < Cae™". O

In order to prove Theorem 1.2, we finally need the following lemma.

Lemma 3.6. Let o > 2. For any divergence-free vector fields u = (u* (1, x2), 0% (1, z2), U (21, 22)) in
H(R?), there exist a constant C > 0 independent of W, a summable sequence (dq (Hh)) of positive
numbers such that

(3.22) [(Ap@" - viut) | Aya")| < Cdy (@272 || Vi . |7

and a summable sequence (dq()),_, of positive numbers such that

q>—1

*leee

(3.23) [(Ab@" - vy a®) | Ala®)| < Cdy(m)2=207 |[a" |, 7))},

"[lgge
Proof

We use the similar Bony decomposition as in the proof of Lemma 3.2, with @ replaced by @".
(3.24) (Ah@ vy | Alah)| < 1@h) + 124 @) + 125 @) + 129 (@").

Then, using Young’s inequality, Bernstein lemma 2.1 and Proposition 2.3, we have

(3.25) @) = <Ag( 3 sg%(vhahm’;,ah) ‘Aguh>
q'—q>N
< Y 1S (Vha) | | Aga" . AT
q'—q>N
<C Y [Vl (e @277 [ gy, ) (ca@)279 [0 g5,)
q'—q>N

=C cq(ﬂh) Z cq/(ﬂh)2*(q,*q)" 2” 2‘1"thuhHLoc ||u
q'—q>N

= Cd,(u")2729° thuhHLw Hu

*leze

"Nt -
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As in the proof of Lemma 3.2, integrations by parts imply
(3.26) 12A@h) = [(Sha" - valah | Abat)| = o.

Since for any ¢,q' > 1, S(’; — 55'—1 does not contain the low Fourier frequencies, I qQB can be bounded in
the same way as I;, and we have

< > (S-S A Aff“*‘>
lg’—q|<N

The last term on the right hand side of (3.24) can be bounded exactly in the same way as in (3.14)

< > [AZ,S,?,_luh]VhAZ,uh‘AZuh>

lg’—q|<N

(3.27) 12P (") =

< Cdy (@27 ||V | [, -

(3.28) ¢ =

<Ort Y S Vi e VAL, A,
l¢’—q|<N

< 0270 [y 7 (cq<uh> )3 cq/<uh>z<q'q><ol>)

lg’—q|<N

< Cdy @27 | V3| 7| -

Combining Estimates (3.24) to (3.28), we obtain (3.22).
Now, to prove (3.23), as in (3.24), with " replaced by @, we also write
(3.29) [(Ah@h - v?) | Ahe?)| < 1) @) + 124 @) + 125 (@) + 12€ ().
We will estimate I24(w?) and I2¢(u®) exactly in the same way as I24(u") and 12¢(u"). We have
(3.30) LA@) = [(Spat - v A® | Alu®)| =0,
and, using the inclusion H°~!(R?) < L>(R?) for o > 2,

< S [ah skt VhAZ,u3‘AZu3>

lg’—ql<N

(3.31) 12¢@) =

<crt Y |sh | [VaahE L AL

lg’—ql<N
< 0272 [0y g [0 (cq<u3> > cq/<u3>2-<q/-q><v-l>>
lg’—ql<N
< @ [ 7

To estimate I (u?), we write

<AZ( > Sg,+2(vhﬂ3)A’;,ah> ‘A(’;u3>

'—q>N

(3.32) I, (@) =

B Z |Sq +2 th HLooHAh’uhHL? HAZE3|‘L2
—q>N

<C Y iy (e 2

q'—q>N

|, ) (@270 [ 1)

=C(cq(u3) > cq/(uh)T(‘J"q”) 2729 ||V | e (17" (17

q'—q>N

= Cdy(u)2721° H“hHHa Hu3||H<’ :
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Finally, the term I22 (@) can be bounded in the same way as I} (u?),

(3.33) ng<u3)=< > (Sé”-sg,l)uh.mg,ug\Agu3> < Cdy @22 @ |, |75, -
|

q'—q|<N

Combining Estimates (3.29) to (3.33), we obtain (3.23). O
Proof of Theorem 1.2

We recall that C to refer to a generic positive constant that may change from line to line. Since
" satisfies a two-dimensional damped Euler system, using Lemma 3.6, we deduce the following energy
estimate in the Sobolev H?-norm for @"

S @@l + Y [T Ol < C IR O oo 70|z -

Since u € H?(R2?), o > 2, we have Wy = 0113 — 0oty € H°!, with o — 1 > 1. Using Estimate (3.17)
of Lemma 3.5, we get

d
at Hﬂh(t)HHa +7 Hﬂh(t)HHa < CC2€_W Hﬂh(t)HH" ’

which leads to
oy ([ (1) o ) < CCae .

Integrating this inequality, we obtain

— — CCQ —t
(334 7Ol < (7o + E2) .

Now, using Lemma 3.6, we get the following energy estimate in the Sobolev H?-norm for @°

S @O+ [ < C @ ®) e 70
Using (3.34), we can write

d . _ Co\ -
GO e 4 IO e < (e + 2 ) e w0

which finally implies that

—h
(3.35) @), <C (HUgHm + W{ + f;) e,
Theorem 1.2 is then proved. (]

Remark 3.7. If 0 € N, we do not need Lemma 3.6. Indeed, Theorem 1.2 can be immediately deduced
from Lemma 3.5 using the identity

IVEVRR L2 = VR 12

which holds for all a € N2,

4. PROOF OF THE MAIN RESULT

In this paragraph, we provide the needed a priori estimates and a sketch of the proof of Theorem
1.1. These a priori estimates can be justified by a classical approximation by smooth fonctions (see for
instance [9]). We recall that it is already known that convergence in LfS, (R4, L?) holds, as proved in
[16] and [8]. The important point here is to prove global convergence in time.
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4.1. The corrective boundary layers. Let @ be the solution of the limiting system (1.3), the third
component 7° = 0 and we set curl @ = 9,u% — dpu*. Then, as in [16], we can write the boundary layer
part in the following form

(41) B=DB; + By + B3 + By,
where B;, i € {1,2,3,4}, are defined as described below:
1. The term B; is the main boundary layer term (see (A.7), (A.8) and (A.9) in the appendix)

z3 l—a3
— - /53 1 - — T —T
—e V2B (u cos —|—u sin )—e =V28 ( COb 3 +u?sin i 3)
\/ 6\/ 8\/

T 1— T3
(4.2) B, = *677\;75 (62 cos e\/ﬁ — Tlsin W) —e R (u cos — Tlsin em)
ev/B G(x3) curla”

where

G(zs) = e AT gin [ —2 —|—I —|—eii?/a2%sin 1—x3+z
8 28 4 28 4)
2. The corrective terms By and Bz are added to B; to ensure the Dirichlet boundary conditions at
{z3 =0} and {z3 = 1}, and we have
e\/28 u?
(43) By = —e/20 't
e/20 (% —xg) curl@”

U
(4.4) B3 = e =v2F cos <€\/1ﬁ> EOQ

3. Finally, the term B, is added to the sum By + By + B3 to ensure the divergence-free property of B,

2 0
(4.5) By = f(z3) | —u' | +g(x3) 0 ,
0 curl w"
where
z 1—a
(4.6) f(es) = ale 7 + e B 4o,

o) = ~evF e sin (ot 1) - [ re

and where (a, b) is the solution of the linear system

(1+eiﬁ)a+b —e26+e Exﬁsm

2e/2 (1—6 B )a+b QEﬂefﬁ sin(
We remark that the determinant of the system (4.7) is

D=1+¢ = —2,/28 (1 - e‘ﬁ) .

Thus, for € > 0 small enough, we have D > % and (4.7) always has the following solution

(4.8) a:% i b:K(1+e sﬁ)—2;g\ﬁ(1_e 62)’

(4.7) ‘ﬁ
+

V)

where

1 1
Je = —e\/20+ € V2 sin ——,
b ev/26

1 1 T
KE = 25\/,56 V2B sin <€\/ﬁ + 4) .

It is easy to prove that if £ > 0 is small enough, then

la) < 4(B++/B)e and |b| < 3282
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With the previously defined boundary layer term B, we can verify that

div(ﬂ+8) =0 and (ﬂ"i'B)l{mg:O} = (H+B)|{z3:1} =0.
Now, let
e =V cos T1 e_% cos 1522 e~ =47 sin 22 — v sin 122
V2B eV28 V2P V2B
Bo(x3) = ) !
¢ VA7 gin F—l—e <72 gin 1 \/;B —ef%coss\%fﬁ—e =VaF cos L \/ﬁ

Then, we can write B in the following form

u
(4.9) B=M(zs) [ @
curlw
The matrix M(z3) is defined by
_ | M(xs) 0
(4.10) M(zs) = [ 0 m(arg)]

where

M (z3) = Bo(z3) + <\/7—|—fx3>{ 1 é}—kesiﬁcos
m(xs) = 8\/5 G(zs) + 5\/% (; - a:3) + g(z3).

We can also prove the existence of a constant C' > 0 such that, for any p > 1, we have
1 1
IM()lle, < Ce?, IM()lgee <O Mgy, < Cev

1) Il < Ce, m)l e, < Ce

sup |23M'(z3)| < Ce and  sup |(1—a3)°M'(x3)| < Ce.
.’Ege[o,%] rgé[%,l]

1

)

4.2. Convergence to the limiting system. It is easy to prove that B is small, i.e., B goes to 0 in
L (R+7L2(R,21 x [0, 1])) as € goes to 0. Then, our goal is to prove that v* = u® —uw — B converges to 0
in L (R4, L2(R? x [0,1])) as € goes to 0.

Since a two-dimensional divergence-free vector field (independant of x3) belongs to the kernel of the
operator P(e3 A -), where P is the Leray projection of L?(IR?) onto the subspace of divergence-free vector
fields, e3 A @ is a gradient term. Replacing u by v + @+ B in the first equation of the system (1.1),
and using the fact that @ is the solution of the system (1.3) and @® = 0, we deduce that v° satisfies the
following equation

(4.12) 90" — vp(e) Apv® — Bediv® +uf - Vof +0° - VB + 0" . V,a

+8tB+B-VB+Bh~Vhﬂ+ﬂh'VhB—Ll—L2+63/\U

= - vﬁs )
where

L = Vh(E)Ahﬂ—i-Vh(E)AhB,

Ly — Bed2B — 63/\B+\/2ﬂﬂ,

3/\’LL

Vp* = Vp* = Vip+

Taking the L? scalar product of (4.12) with v%, then integrating by parts the obtained equation and
taking into account the fact that v® satisfies the Dirichlet boundary condition, we get
1d

(413) =

%2 + vn (&) [ Vav°l1 L + B 110507 |
= — (u® - Vv, 0%) — (v° - VB,v%) — (v - V1, 0°) — (9,8, 0°)
—(B-VB,v%) — (B" - Vyu,0%) — (@" - VB, o) + (L1,0°) + (Lo, v°) .
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In what follows, we will separately estimate the nine terms on the right-hand side of (4.13). We recall
that we will always denote B!, B and B? (v!, v52 and v respectively) the three components of B
(v respectively) and we also write B = (B", B%) and v® = (v'", v53).

1. The estimate of the first term is classical, using the divergence-free property of u°:

(4.14) (u® - Vo&,0v%) = 0.

2. The second term is the most difficult to treat. First, we decompose this term as follows
(4.15)  (v°-VB,v°) = <va’h . VhBh,vg’h> + <v8’h . Vh837v5’3> + <va’3 8383,v8’3> + <v5’3 83Bh,v5’h> .
For the first term on the right-hand side of (4.15), Holder’s inequality implies that
(67 D00 < o[98 e 57 s < € NMO s, [y 71

Then, using Estimates (4.11) and Lemma 3.5, we obtain

(4.16) (05" VB 0™ Y| < C(ag) e VP [[of1s -

Next, using integrations by parts and Holder’s inequality, we deduce that
[(v*" - VB, 05| < CIVav® L2 |B| g 17 -
So, Estimates (4.11), Lemmas 3.1 and 3.5 and Young’s inequality imply
(4.17) (o VB < Clmlyg [lowrta® [y [0 e [0
< C(@o) e e || e Vil pe

C(ﬂo) £
8

< Cao) eV ||o7||ga + IVav©ga -

Performing an integration by parts, we can control the third term on the right-hand side of (4.15) in
the same way as the second one:

(4.18) |<v5’3 D313, v5’3>| =2 }<B3v€’3, 831)5’3>| =2 |<83v6’3, divhvg’h>|

C(up) e
< O ee P o + L 9,02,

In order to estimate the last term of the right-hand side of (4.15), we decompose it into two parts,
the first part corresponding to the boundary layer near {x5 = 0} and the other part corresponding to
the one near {x3 = 1}:

<,U6,3 83Bh,v5’h> _ /

R2 x[0,3]

(UE,B 638h) oS Pde +/ (1)6’3 83Bh) &P dr

]R;"lx[%,l]
For the first part, since v® vanishes on {x3 = 0}, using Holder’s inequality and Hardy’s inequality, we
get

€,3

V& e,h

_ v
< sup [a3M ()| [T

I3€[0,%]

< sup |93:21M/(953)‘ Hﬂ”Lgc Hai”vs’SHL? H83U67hHL2'
3?36[0,%] "

ho|l X3 ||p2 || T3 ||ge2

/ (0= 03B") - v=hdx
RZ x [0,

3]

We recall that d30°% = —div,v®". Then, Lemmas 3.1 and 3.5, Estimates (4.11) and Young’s inequality
imply

(4.19) / (v=3 95 B") - v=hdz| < C(up) e e tV?P Hdivhvs’?’HL2 ||331)‘57hHL2
R} % [0,3]
C(uo) € €
< YO 19002, + 5% oo 2.
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For the second part concerning the boundary layer near {x3 = 1}, since v = (v=", 0v53)

{x5 = 1}, Hardy’s inequality implies that
1 2
/ drs | dxp,
0

1 2
IU:/ (/ da:;»,)dmh:/
R? \/3 R,
<C (/2 ‘83115’3(@1, 1— .’1,'3)‘261.’153) dxp,
r2 \Jo

h
< € [[05**[72 = O|ldivio™|| .

vanishes on

€3

Likewise,

0= " (2, 23) ?
1-— I3

A

Thus, using Holder’s inequality, we get

/ (v=2 D3B") - v=hdx
R} x([3.1]

dx3> dxp < C||0sv™"|2, .

(4.20)

< sup |(1—a3)’ M (w3 ’”uHLOO VI

wee[b]
< C(mo) e e WHdmeHL 507"

(

)
< Cluo) e

IVAveIIze + Z = 119507 7

3. The third term on the right-hand side of (4.13) can be treated using Holder’s inequality and Lemma
3.5. We have

(4.21) (07" V4,07)| < C ||Vt || e gz 107122 < C(@0) ™27 [0
4. We recall that .
u
B= M(xs) A= [M(()x?’) 0 ] u?
m(x3)
curlw

Then, we can write the fourth term as
(0:B,v°) = (M (x3)0,a",v=") + (m(x3)Opcurl @, v=3) .

Let Pgz be the Leray projection of L?(R?) onto the subspace of two dimensional divergence-free vector
fields. Since w® = 0, and 93p = 0, using Estimate (4.11) and Lemmas 3.1 and 3.5, we have

(4.22) (M (23)0a", v )| < ‘<M(a:3)]P’Ri (@ - Vya") ,Usﬁh>] + /2B [(M (ws)a, voh)|
< IMO) e, (|[Prz @ - 9|, + V2B @I ) 07"
< Ot [[a||p (1 + VA" || o) 0% e

< C(mo) ebe ™ (14 o772

Applying the operator curl to the first two equations of the system (1.3) (we recall that in this paper,
curl only acts on the horizontal components and we already defined curl@” = 9,u% — dou'), we obtain

9y (curl@) + @ - V), (curl@®) + /28 (curl@”)
Then,
(4.23) |<m(x3)8tcurlﬂh,v5’3>‘ < |(m(z 3)a" - Vycurla” v€3>| + /28 [(m(x3) Yeurl 7" 1)83>|

< lm)lhce, (7" - Vacurl@||y, + /28 [Jeurta |, ) o]
< Ce ([ Vet + ol ) 5]

< C(ap)ee VP (1 + ||Uf||i2) .

5. We decompose the fifth term into two parts:
(B-VB,v) = (B"-V,B,0°) + (B*938,0v%) .
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The “horizontal” part can be bounded using Holder’s inequality, Estimates (4.11) and Theorem 1.2 as
follows

(4.24)  [(B"-VuB,v)| < C[|B"|| Lo IVRBIlp2 |02
< CIMOlg, [ [l IMONez, (V27" |z + [ Vacurl@®||.) 1ol
< Ot |[@h |3, 0%l < Clo) e® VP (1 + IIvEIIiz) :

Likewise, we have the following estimate for the “vertical” part:

(4.25) (B2 :8.0°)] < |18 0] [0 o
< Clo) V7 m() |z MOl 1o s
<

C(mo) e~ (14 o713,

6. For the sixth term, taking into account the fact that @ is independent of x3, Estimates (4.11) and
Lemma 3.1 imply

(4.26) [(B" - vy, v°)|

IN

18"y v IV, 107l

—n2 —2 5
1M, (I + IV ) s

C(ao) e (14 o772

IN

AN

7. The seventh term can be bounded in a similar way as the sixth one.
(4.27) |(@" - ViB,v%)| < [[©"|| L IVaBIlg2 0%l
< Ol |pe IMO ez, (VT [[o + [ Vacurl®{|.) o7l
< C(to) ete™% (14 |77
8. We write the eighth term as
(L1,v%) = vp(e) <Ahﬂh, vs’h> + vp(e) (ARB,v) .
Then, we have
(4.28) |1/h(5) <Ahﬁh,v€’h>| <wp(e) ||ﬂhHHU 1% Iy
< C(ao) vi(2) eV (14 7113, )
and
(4.29) vn () (AnB, v%)| = wi(e) (ViB, Vav©)| < wi(e) IVaBllye [[Vav©llL
< vn(@) IMO)lz, (Va7 [z + [Vacwrd @[ 2) vl a

< (o) vnle) b eV (14 0f|7,)
9. We will estimate the ninth term as in [16] or [21]. We have
AB
(Lo, v®) = <,858§B, vs> — <63 5 ,’U8> + <\/26 T, U€>.

We recall the definition (4.1) of B

B =B+ By + B3 + By,

and for any i € {1,2,3,4}, we set B; = (B, B}), where B and B} denote the horizontal and vertical
components of B; respectively. We also recall that B = (B",B%). Then, the following identities are
immediate

2B =0,
es A\ B

Bed3 By —

Bed2Bh — 282 ++/28T = 0.

:07
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For the remaining terms, we have

(4.30 52 [(B3B° v5%)| < Bz|3n° | 00"
< Be||VaB"|| 2 [IVav®[lL.
< Bel|M(zs)llez, thﬂhHLg} VRt |y
< ) 2P + S o7

(4.31) ‘<63 2 Bgyv&h>

We recall that

< Ce7le ™ allgs 1ol < C@o) ef eV (14 0f|72)

where f is defined in (4.6),

flzs) = a {exp (;}B) Fexp ( t\;;;ﬂ 40,

and that, if € > 0 is small enough, we have

la| < 4(8+ /B)e and |b| < 328e>.

Then,
(4.32) Be (3B, v)] < Bellf" gz, 2"z 07"l
< Cet [ 1ol
< O(Tp) e3etV2P (1 + ||vf||iz) :

Finally, we have

1

1 x 1—x 2 2
(4.33) ‘<€32847v57h> <c (/ e 4 o dx3)2+ﬁ5 1@ =",
0
<

Cling) ehe ™ (14 o3, )

End of the proof of Theorem 1.1: Summing all the inequalities from (4.14) to (4.33), we deduce
from (4.13) that, for £ > 0 small enough

d
pr 1oF Iz + v (e) IV av°IILe + Be 1950% e

< C(@o) (e +un(0) e + Cmo) V2 [oF | + (o) & | av® s

If C(up)e < wp(e), for any € > 0 small enough, by integrating the above inequality with respect to the
time variable, we get

% t
(434) oA Ol < e )13 + Ol = s o) [ oo o (o) ds.

We recall that v* = u® —u — B. Thus,
2 — o2 2
[v°(0)[|g2 < [[u®(0) = w(0)[|g2 + [[B(O)||2
e — 12 2 = (2 e — 2 L 2
< llug = @ollgz + [IMC)llzz, Tollz: < llug —aolly + Cc [l -

According to the Gronwall lemma, it follows from (4.34) that

< e — 1 _ e +uyle C(w
lo* @)1 < (nuo ~ ol + et [l +c<uO>¢%)> e { S0}

which leads to
. c _
;1_13(1) v ‘|L°°(R+,L2) =0,

and Theorem 1.1 is proved. O
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APPENDIX A. CONTRUCTION OF THE EKMAN LAYERS

The construction of Ekman boundary layers is classical and can be found in [16] or [9] for instance.
In this paper, we will only give very brief recall of this construction. The typical approach consists in
looking for the appropriate solutions of the system (1.1) in the following form

wE = 0 4 B0 4 gBO . (uI,l LBl ﬂB,l) 4 g2 (uI’2 LuB? aB,2) T
(A1) 1
o= - (pl,—l 4 pBt +ﬁB,—1) 4 pl0 4 pBO 4 5B 4. (pl,l 4 pBl _|_p~B,1) T

The “interior part” functions with the index “I” depend on (¢, 1, z2, z3) and the “boundary layer part”
with the index “B” consists in smooth functions of the form

B.j B.,j 3 B.j B.j x3
ud =" (t,xl,mg,—), p~ =p~J (t,xhiﬁz’ )
£ 3
. . 1 — x- . . 1— x-
~B,j _ ~B, 3 sB,j _ 5B, 3
u”7 = a7 (1&,;101,9627 - , P =p7I |ty 2, B )

and which rapidly (exponentially) decrease when the third space variable goes to infinity. The justification
of the size of the boundary layers being € and the discussion about other sizes of the layers can be found
in [16], [21], [8] and [9].

A.1. In the interior part of the domain. Away from the boundary, all the boundary terms in (A.1)
rapidly decrease to zero. Thus, at the leading order !, the divergence-free conditions and the fast
rotation yield

u£70 = alpl’ila u{’O = _8210[’717 83p1771 = 07
which leads to

Osul ¥ =0, 93p" "1 =0
(A.2) { 3 3p

81“{’0 + agug’o =0.
The limiting velocity u/:? is then a two-dimensional divergence-free vector field with three components,

which means that the fluid has tendency to move in columns when the rotation is fast, as predicts the
Taylor-Proudman theorem.

Now, looking at the zeroth order (£°), one obtains the governing equation of the fluid at the limit as
e—0
dul® + u,II’O Vau? —uyt + 8pt° =0
(A.3) 8tu£’0 + u,Il’o . thé’o + u{’l + 99p?0 =0
atué’o + ufl’o . thé’o + 93p’ 0 = 0.
Here, we remark that the fast rotation implies the action of the first order term, i.e. the added vector
field (—ué’%u{’%O)7 on the limiting behavior of the fluid. In the next paragraph, we will show that

the interaction with the boundary allows to explicitly calculate this vector field, which turns out to be
a dissipative term (the Ekman pumping).

A.2. In the Ekman boundary layers. We will focus on the boundary layer near {x3 = 0}. The other

x
layer near {x3 = 1} can be obtained in a similar way. Performing the change of variable y = —3, we
€

deduce the following “divergence-free properties” of u?+, for any j > 0,

{8yu?’0 =0

(A.4) _ _ |
Oul + Bgub 7 + dus It =0, Vvj>o0.

We remark that the first equation of (A.4) implies that uf’o = 0 because it goes to zero as y — +o0.
The Dirichlet boundary condition u®(t,z1, z2,0) = 0 is rewritten as follows

(A.5) uB’j(t,xl,xg,O) = —ul’j(t,xl,xg,O), Vj>0,

S .. T0 . 1,0 . -
which implies u;" = 0, since u3" is independent of x3 and u!0(¢, 21, x2,0) = —uB(t, 21, 22,0) = 0.

Now, putting the Ansatz into the first equation of (1.1) and looking at the leading order £2, we

simply get
o, pP 1 =0
y =

)
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and so, p? ! = 0 since p?~! — 0 as y — +oo. This is a classical principle of fluid mechanics which
claims that the pressure does not vary in a boundary layer. At the next order ¢!, combining the
boundary condition (A.5) and the fact that v/ = u!0(t, 21, x5) is independent of x3, we recover the
following system

ﬁaQ BO+UB,O_O
2 =
/362 BO_uB,OZO

(A.6) GBO 0 B0 10
1 o = U1, U = Tl
lim uf;’o = lim u2B’0 =0.
y—+oo y——+oo

This system can be explicitly solved and that gives

(A7)

u?o——e_% (’U,{OCOS\/%—F’UéOSIH\/%) _6_5%( I’Ocos E\ﬁ—&-ugosing\gj%)

W0 — = (, 1.0 Y 1,0 Y - 1,0 x3 1,0 . T3
Usg —e V2B (uQ’ cos —u]" sin——= | = —e V28 | uy cos —uy’ sin .

V2B V2B eVv/28 eVv2p
Using (A.4), (A.7) and the fact that &;ul” 4+ dul® = 0, we have

Y . Y
ayufvl = —81uf70 _ 82115’0 = exp (— sin | —= Curlu ,
V28 V2P

where curl u,Il’O = alu;o — 8211{’0. Integrating the above equation with respect to y and recalling that

Us Y5 0as y — 400, we obtain

(A.8) ut = —\/Be” V% sin (m + 4> curlu) ¥ = —\/567617327‘ sin <€\x/:;75 + Z) curlu; °

Remark A.1. We remark that unlike the irrotational case where the boundary layers are discribed by

the Prandtl equations, in this case, the main boundary layer term (ufo ufo uf 1) can be explicitly

computed from the limiting velocity in the interior domain, which allows to directly treat these layers
without using the Prandtl equations.

The same arguments near the boundary {z3 = 1} lead to p®~! = 0 and

_B,0 iz g 1—xg 10 . 1—x3
U = —e V28 [ ui;’ cos —+ u,’ sin
! < ! ev28 2 s«ﬁ?ﬁ)
~ _l==z3 1—.133 1.0 . 1—$3
A9 aP0 = e vm [ ulPcos —u;’ sin
( ) 2 2 €m 1 Em
_B.1 1ag 1 -3 1,0
Us W = e <v?B sin + curlwu,’
3 \/B (E /26 4) h

We come back to (A.3). Taking curl u,IL’O = 61u£’0 — 32u{’07 we have

(A.10) 8tcur1u£’0 + ufb’o - Vj,curl ufb’o = —alu{’l — agué’l = 83u§’1
Since u!¥ is independent of z3, by integrating (A.10) with respect to x3 over [0, 1], one gets
1,0 S 11 B ~B 1
Oicurlu,™ + uh thurluh = uy’ logmt ~ U3 o T UL T leg=1 =/2 curluh .

Using the Biot-Savart law, we can finally rewrite the system (A.3) in the same form as (1.3)

8tu1’0 + u,IL’O . th{’o + /20 u{’o +0p'° =0
8tu + uh . thg’o + /28 ué’o +0op' 0 =0
dzul 0 =0, uy® =0,
Aul® + dyud® = 0.

(A.11)
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